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Summary
The temporal dynamics of earthworm populations were studied for three years in two farm-scale winter wheat production systems, conventionally monocropped wheat and low-input, direct-drilled wheat intercropped with white clover. Populations were estimated by soil sorting monthly in the first two cropping cycles and bimonthly in the third cycle. Earthworm population dynamics were strongly related to changes in soil moisture, with low population levels coinciding with low moisture content. Populations in conventional wheat were generally quite stable but showed a sharp drop after autumn ploughing followed by a marked recovery in the first two cropping cycles. In wheat-clover, drought conditions during the first summer probably disrupted population build-up. Population levels in the two systems diverged in the second cropping cycle and were widely separated in the third cycle when 319 individuals m -2 (55 g biomass m -2 ) were found in conventional wheat and 1160 individuals m -2 (175 g biomass m -2 ) in wheat-clover. Nine earthworm species were present in both cropping systems and shifts in species composition were relatively small. Murchieona minuscula, a little known endogeic species previously unreported from Ireland, was abundant in both systems and appeared to benefit from annual ploughing.
Earthworm tissue production was estimated to be 81-209 g m -2 in conventional wheat and 122-552 g m -2 in wheat-clover, while N output resulting from mortality was calculated at 0.75-4.24 g m -2 in wheat and 1.16-10.61 g m -2 in wheat-clover. N output via excretion and mucus was estimated to account for a further 2.93-3.65 g m -2 in the wheat and 4.98-10.69 g m -2 in the wheat-clover crop.
Introduction
Earthworms are one of the most important groups of beneficial soil invertebrates in cropping systems in north-western Europe, contributing to soil fertility and productivity (Lee 1985) . It is therefore imperative to evaluate the impact of novel cropping systems and management practices on the size, composition and functioning of earthworm communities (Hendrix 1998) . The research presented here was part of the development and appraisal of a novel, low-input cropping system in which successive crops of winter wheat are drilled directly into a permanent understorey of white clover (Jones & Clements 1993; Clements & Donaldson 1997) . The overall response of earthworm communities to this cropping system was assessed at four sites each spring and autumn for three years using dynamic extraction methods . To complement these studies, earthworm communities were studied in greater detail at one site by hand sorting, a sampling method which is less dependent on soil conditions. The objective of the present study was to describe the temporal dynamics of earthworm abundance, biomass and species composition in conventionally monocropped wheat and low-input, direct-drilled wheat intercropped with white clover over three successive cropping cycles. Population data were used to assess rates of tissue production and turnover and the contribution of the earthworm populations to N cycling.
Materials and Methods

Field plots and crop management
This experiment was conducted in two adjacent field plots in the Haggard field at University College Research Farm, Lyons Estate, Celbridge, Co. Kildare, Ireland. The field plots were 100 x 100 m each, but earthworm studies were restricted to their central area (90 m x 75 m). The soil is a heavy textured (32% silt, 34% clay), poorly drained low-humic Gley (Typic Haplaquept) of the Skeagh variety, characterised by a high base status, neutral pH and high organic matter content (5.2% organic C, 0.39% organic N) (Collins & Brickley 1970) . The field had been under ryegrass ley for three years before it was ploughed in early April 1994. Lyons is a mixed farm and management practices prior to the present study included slurry or farmyard manure applications and grazing by sheep or cattle.
The wheat-clover cropping system is described in detail in Jones & Clements (1993) , Clements & Donaldson (1997) and Clements (1998) . Briefly, a pure sward of white clover (Trifolium repens L. cv. Donna) was established in spring 1994 and cut for silage production and grazed by sheep in the autumn. Each year, winter wheat (Triticum aestivum L. cv. Hereward) was direct-drilled into the clover with a Hunter Rotaseeder which shallow-tills 5 cm wide strips at 22-23 cm row spacing. The wheat was left to mature and harvested as grain. The clover component was cut or grazed again in the autumn and another winter wheat crop was direct-drilled to repeat the cycle. Autumn cultivation of the conventional wheat field included mouldboard ploughing (20-25 cm depth), grubbing and seedbed cultivation (chain harrowing). Conventional wheat was drilled at 12-15 cm row spacing using conventional farm machinery. Further details of cultivation and crop management dates are given in Table 1 . Agrochemical inputs were higher in conventional wheat than in the wheat-clover system. Conventional wheat received 150 kg N ha -1 in March and April each year as urea in two applications; wheat-clover received 50 kg N ha -1 in one dose each March as urea. Conventional wheat received 2 to 3 fungicide applications (chlorothalonil + flutriafol, tebuconazole, carbendazim + flusilazole) and 1 or 2 herbicide treatments (diflufenican + isoproturon) a year as well as one insecticide treatment (cypermethrin) in 1995. Wheat-clover crops received 1 or 2 fungicide applications, and clover growth was checked chemically twice during the project, on 17 June 1994 (benazolin + 2,4-DB + MCPA) and on 17 October 1996 (paraquat).
Meteorological records and soil moisture
The climate of the region is temperate oceanic broadly characterised by moderately warm summers and mild winters, and no marked seasonal patterns of rainfall. Monthly precipitation and soil temperature data collected at Casement Aerodrome, Baldonnel, 5 km east of Lyons (Anon. 1994 (Anon. -1997 are plotted in Fig. 1 . The gravimetric moisture content of soil at 10 cm depth was measured on each sampling date at each spot where soil blocks were taken for earthworm population estimates. Gravimetric moisture contents were converted to soil matric potentials using regression equations generated with the filter paper technique following the procedure described by Deka et al. (1995) . In total, 46 (conventional wheat) and 44 (wheat-clover) soil matric potential measurements were made, covering a wide range of soil moisture contents, and regressions were highly significant (r 2 >0.95, P<0.001).
Populations were estimated by time-limited hand sorting of soil blocks (25 cm x 25 cm x 25 cm deep) as described by Schmidt (2001) . A stratified-random sampling plan was used. Twelve soil blocks were taken per field plot on 18 April 1994, before the treatments were established, and again on 30 September 1994. Routine monitoring commenced in November 1994. Six soil blocks were taken per field plot during the first 10 days of each month from November 1994 to July 1996. Earthworm population trends diverged during the second cropping cycle, and sampling frequency was reduced to once every second month for the period July 1996 to September 1997. For the description of the population data, the study period will be divided into three winter wheat cropping cycles encompassing the following sampling dates: first cycle, September 1994 to October 1995; second cycle, November 1995 to September 1996; third cycle, November 1996 to September 1997. Extracted, live earthworms (with gut content) were rinsed in tap water, counted, blotted dry on tissue paper, weighed and preserved in 4% (v/v) formalin. In this paper, biomass data refer to the live biomass. Adult and subadult individuals were identified to species level. Four groups of juveniles were distinguished: Aporrectodea longa, Satchellius mammalis, Lumbricus spp., and others (unpigmented, prostomium epilobous: Allolobophora chlorotica, Aporrectodea caliginosa, A. rosea, Murchieona minuscula). Nomenclature follows Sims & Gerard (1999) .
Tissue production, mortality and N turnover
Earthworms contribute to N turnover in the soil through mineralization of their body tissues and through the continuous loss of nitrogenous compounds in mucus and excreted waste products. N turnover associated with mortality was calculated from estimated tissue production as- (Curry et al. 1995) . Production estimates were based on mean growth rates recorded for Aporrectodea caliginosa in a peat grassland soil over a period of 16 months under similar climatic conditions (Curry & Boyle 1987) . Production in the intervals between successive sampling dates was calculated from mean abundance values for each interval, based on mean growth rates of 2 and 1 mg individual -1 day -1 . These values encompass the range recorded by Curry & Boyle (1987) and are towards the lower end of the range reported by Whalen & Parmelee (1999) for Aporrectodea tuberculata in maize systems in Ohio, USA. Under the relatively mild climatic conditions prevailing, growth was assumed to occur throughout the year except during dry periods when earthworms were observed to be inactive. These periods of inactivity were estimated at 121 and 90 d in the period May-September in 1995 and 1997 respectively, and 61 d (July and August) in 1996. Mortality was estimated from production values adjusted for the changes in biomass which occurred between sampling dates. N loss from live earthworms was estimated assuming a 35 day turnover time for 50% of body N, based on laboratory estimates of 15 N depletion rates in labelled Lumbricus terrestris (Curry et al. 1995) .
Results
Meteorological records and soil moisture
Monthly and annual air temperature and rainfall were close to the long-term average in 1994 and 1996, but 1995 and 1997 were exceptionally warm years. The mean annual air temperature at Casement Aerodrome was 1.0˚ and 1.1˚ above average in 1995 and 1997, respectively. Total rainfall in these two years was 95% and 89% of the average, but rainfall was unevenly distributed throughout the year (Fig. 1) . The time course of the soil matric potential reflects the meteorological conditions during the study period (Fig. 2) . Assuming that potentials below -100 kPa are severely limiting for earthworm activity, dry soil moisture conditions clearly interrupted earthworm activity for a long period in summer and early autumn 1995, and for a shorter period in summer 1996. In 1997, a peak was not recorded, but matric potentials declined from March onwards, approaching activity-limiting levels in September. Except during dry periods, the soil was consistently drier under wheat-clover than under conventional wheat (Fig. 2) .
Earthworm populations
Overall, trends in earthworm population dynamics were broadly similar in terms of earthworm numbers and biomass ( Fig. 2 A and B) . Population levels in the two field plots had began to diverge in the first two years and they were clearly separated in the third year. Low population estimates coincided with low soil moisture levels in both systems. The detrimental effect of ploughing was apparent in conventional wheat where the population dynamics were characterised by a sharp drop and subsequent recovery after ploughing events.
Earthworm abundance estimates in the two field plots were identical in April and September 1994 (Fig. 2 A) . In conventional wheat, populations were less than half of September levels after the first ploughing event, but recovered rapidly in subsequent months until the onset of dry conditions in late spring 1995, almost reaching levels of about 800 individuals m -2 recorded in the previous autumn. In the second cropping cycle, ploughing decreased populations again, but the subsequent population recovery Fig. 2 . Abundance (A) and biomass (B) of earthworms in wheat and wheat-clover cropping systems. Arrows indicate ploughing events in conventional wheat as well as sowing of the wheat in both cropping systems. Data are means±SEM (n=12 in April and September 1994, n=6 for all other dates). Soil matric potentials (SMP) are also shown (n as above) and a value above which earthworm activity is likely to be severely limited is indicated by a horizontal hairline proceeded somewhat slower and was halted by dry conditions. Population levels at the end of the second cycle were low (about 200 individuals m -2 ) compared to earlier estimates, but recovered slowly until the end of the third cycle. Trends in earthworm biomass in the conventional field were similar to those observed for abundance (Fig.  2 B) .
In the wheat-clover field, earthworm abundance was remarkably constant at a level of about 600 individuals m -2 during active periods in the first two years, dropping below 400 individuals m -2 in very dry months. At the end of the second cropping cycle there was a sudden and large surge in earthworm numbers to population levels exceeding 1000 individuals m -2 which were sustained throughout the third cycle (Fig. 2  A) . Earthworm biomass declined slightly during the first cropping cycle from initial levels of about 140 g m -2 in September 1994, falling below 50 g m -2 in the long dry period of 1995. Unlike earthworm abundance, earthworm biomass in the wheat--clover field increased steadily during the second cropping cycle and, after a short drop in July 1996 when soil moisture was low, levelled off at about 200 g m -2 in the third cycle (Fig. 2 B) .
Cropping cycle means (Table 2) suggest that earthworm numbers in conventional wheat were high during the first cycle, probably reflecting a high initial reproductive potential, but stabilised at about 300 individuals m -2 in later years; in terms of biomass, conventional wheat sustained almost constant mean population levels of 50-55 g m -2 . In the wheat-clover field, mean absolute population levels as well as population size relative to that in conventional wheat increased every year. This increase was relatively modest in the first and second year, perhaps reflecting soil moisture limitations. Mean earthworm population estimates for the third cycle were 319 individuals m -2 with 55 g biomass m -2 in conventional wheat and 1160 individuals m -2 with a biomass of 175 g m -2 in wheat-clover.
Earthworm species composition
All 9 earthworm species which were recorded at Lyons during the study were already present in the field in April 1994 before the establishment of treatments (Table 2) . Adults of all 9 species were recorded in both field plots in each cropping cycle with two exceptions in conventional wheat: L. festivus, the species with the lowest abundance, was not found in the first cycle and S. mammalis was not recorded in the second cycle. Juvenile unpigmented worms and their adults (A. chlorotica, A. caliginosa, A. rosea and M. minuscula) were the most abundant groups. Their relative abundance fluctuated over time in conventional wheat; the relative abundance of adults decreased in the first cropping cycle but had returned to initial levels by the third cycle, while the relative abundance of juveniles increased from 51.6% in April 1994 to 68.6% in the first cropping cycle and returned to initial levels at the end of the study. Adult M. minuscula, however, increased in relative abundance from 3.2% in April 1994 to 8.2% in the third cycle. In the wheat-clover field, these groups generally underwent smaller changes and their relative abundances in the third cycle were similar to initial levels except for A. chlorotica which decreased by half ( Table 2) . The relative abundances of most other adults, which were about 1% or less in April 1994, changed little over time in either of the two fields. However, L. castaneus, a small epigeic species, was about four times relatively more abundant in wheat-clover than in conventional wheat in the third cropping cycle. The relative abundance of ju- (1) 84 (13) 84 (13) 60 (10) 60 (10) 36 (6) 36 ( venile A. longa remained virtually unchanged during most of the study, but was somewhat higher in wheat-clover in the final cycle. Juvenile Lumbricus and S. mammalis were over 10 times relatively more abundant in wheat-clover than in conventional wheat in the third cycle (Table 2) .
Tissue production, mortality and N turnover
Tissue production estimates under conventional wheat were relatively constant over the three year period, ranging from 81 to 105 g m -2 and 162 to 209 g m -2 depending on the growth rate chosen (Table 3 ). Production increased markedly over time under wheat-clover, from 122 to 276 g m -2 at the lower growth rate and from 245 to 552 g m -2 at the higher level, reflecting the general trend of population increase. There was a net decrease in earthworm biomass in the first two years under wheat, indicating that mortality exceeded production during this period, with a strong increase in biomass towards the end of the third year. Mortality likewise exceeded production in the first and third years under wheat-clover, while there was a very substantial net biomass gain in the second year. Estimates for N turnover associated with mineralization of dead earthworm tissues ranged from 0.75 to 2.35 g m -2 under wheat and 1.16 to 5.64 g m -2 under wheat-clover based on the lower estimates for production. The corresponding ranges derived from the higher production estimates were 2.21-4.24 g m -2 under wheat and 4.32-10.61 g m -2 under wheat-clover. N turnover estimates associated with mucus production and excretion ranged from 2.93 to 3.65 g m -2 under wheat and 4.98 to 10.69 g m -2 under wheat-clover. Thus total N turnover by the earthworm populations was 4.40-7.31 g m -2 under wheat and 8.35-21.30 g m -2 under wheat--clover, depending on method of calculation and year.
Discussion
Earthworm population dynamics
Initial population levels at Lyons were fairly high for an arable site, reflecting the effect of the preceding grass ley and regular applications of farmyard manure or slurry in the past. The lack of marked climatic seasonality is probably one reason for the generally high earthworm abundance in agricultural land in Ireland (e.g. Curry 1976; Curry et al. 1995) compared to regions with more continental climates (e.g. Evans & Guild 1948; Finck 1952; Edwards & Lofty 1975; Andersen 1987; Boström 1988; Fraser et al. 1996) . Earthworm population dynamics at Lyons were clearly influenced by changes in soil moisture. A matric potential of -100 kPa has been indicated in Fig. 2 as a value below which earthworm activity would probably be severely limited. However, it is known that earthworm activity can be reduced at higher (less negative) potentials (Daniel 1991; Kretzschmar 1991) . From Fig. 2 it appears likely that the unusually long dry period in summer 1995 caused a collapse of the earthworm populations in both field plots. In the second cropping cycle, earthworm biomass in wheat-clover increased steadily from about 50 g m -2 to >150 g m -2 , but earthworm numbers remained virtually unchanged at about 600 individuals m -2 during most of this period (Fig. 2 A and  B) . This suggests that the reproductive cycle and build-up of earthworm populations (Curry et al. 1995). had been upset by the drought because no recruitment of juveniles occurred for at least 6 months following the drought. Parmelee et al. (1990) also observed a drought-induced earthworm population crash in two grain production systems in Georgia, USA, and interpreted the fast and complete recovery of populations in a minimum tillage system established for 7 years as an indication of higher resilience. Zicsi (1958) studied the impact of a severe summer drought lasting 4 months on the earthworm populations in a barley field in Hungary and found that between 16% and 67% of the total population to a depth of 60 cm died during the drought, with lower mortality occurring in treatments with water-conserving stubble ripping cultivation. The combination of absence of tillage and continuous supply of plant residues of high nutritional value in the wheat-clover intercropping system was clearly beneficial for earthworms. Population levels in the wheat-clover field were already larger than those in the conventional wheat field on most sampling dates in the first two years of the experiment, but they stabilized at a very high level in the third year only (Fig. 2) . This suggests that a period of at least two years under a permanent clover cover was required for the full development of earthworm populations to what appeared to be maximum levels. This conclusion is supported by results based on electrical extraction from three other study sites where the highest population estimates were obtained at the end of the third cropping cycle . It also accords with the development of earthworm populations after conversion to grassland or permanent grass-legume forage crops. For example, earthworm populations in a two year old grass-clover ley in an arable rotation were almost equal to those under permanent pasture in south Australia (Barley 1959) . In an investigation in southern Germany similar to that reported here, Ehrmann (1996) found in lucerne-grass leys at three sites with very low initial earthworm abundances that populations began to increase after only two years and peaked at the end of the third year.
The detrimental effect of annual turning cultivation is evident from the earthworm population data in the conventional wheat field (Fig. 2) . The data suggest a typical pattern of an initial population increase after ploughing of grassland, followed by progressively diminishing populations under continued cultivation (e.g. Evans & Guild 1948; Finck 1952; Low 1972; Edwards & Lofty 1975) . Fraser et al. (1996) produced a large dataset illustrating this sequence in New Zealand farms where lumbricid earthworm populations declined gradually from 900 individuals m -2 in old pastures to <100 individuals m -2 in land under cultivation for more than 9 years. Populations in the conventional field at Lyons increased after ploughing of the grass ley and sowing of the spring barley crop, reaching a density of 821 individuals m -2 and 104 g biomass m -2 in September 1994. Following a sharp drop caused by autumn ploughing, population recovery was faster and more pronounced in the first cropping cycle than in subsequent cycles. This could reflect diminishing resilience of the population due to continued cultivation, but it could also have been caused by high mortality during the drought in summer 1995.
The sharp drop in earthworm populations following ploughing could have been a result of the direct impact of cultivation on earthworms. For example, Cuendet (1983) estimated that ploughing of meadows and a cereal stubble field on loam soils in Switzerland damaged between 27% and 41% and killed between 18% and 28% of all earthworms. Zicsi (1958) assessed the impact of ploughing during a summer drought on earthworm populations in Hungary and estimated that mechanical damage by ploughing killed 29% and the drought caused the death of an additional 39% of the total population. Westernacher-Dotzler (1992) also stated that ploughing during dry periods in the summer is especially detrimental to earthworm populations, causing "damage" (p. 1673) to up to 50% of the population. The immediate population decreases after ploughing observed in the present study of about 50% were larger than these estimates but are very similar to ploughing-induced decreases reported by Curry et al. (1995) who also used hand sorting to a depth of 25 cm. These estimates may include a methodical bias if hand sorting of soil blocks was less efficient in recently ploughed soil.
Restriction of the soil sampling depth to 25 cm is likely to have resulted in underestimates of true population levels of earthworm species capable of burrowing deeper than 25 cm, in particular large L. terrestris (Bouché & Gardner 1984) and possibly other species aestivating or in diapause in deeper soil layers during adverse times. In this comparative study, this methodical bias applies equally to both cropping systems. Hand sorting was a suitable method for this continuous study because it does not rely on earthworm activity which in turn depends on soil conditions. The soil sorting method used to extract earthworms from soil blocks resulted in population underestimates (Schmidt 2001) , which is noteworthy in view of the already very high abundance estimates under wheat-clover.
Earthworm species composition
Comprising 9 species, the earthworm fauna at Lyons was rich and rather more typical of grassland than arable land. Previous management practices at Lyons that were probably beneficial for high earthworm species numbers include sheep grazing, application of farmyard manure and inclusion of grass leys in crop rotations, which may have contributed to the high organic C content of this soil. Also, uncultivated strips under shrubs and hedges along two of the field borders may have acted as refuges (Finck 1952) . The most notable feature of the species list is the presence and high abundance of M. minuscula; all other recorded species are widespread and common in agricultural land (Sims & Gerard 1999) . M. minuscula is described as a rare, poorly known species with local but never numerous distribution in western Europe which had not been recorded before from Ireland (Sims & Gerard 1999) . At Lyons, M. minuscula was about as abundant as A. caliginosa and A. rosea, two of the most common lumbricids in agricultural land. These results clearly suggest that M. minuscula can thrive in conventionally cultivated arable land and that it may even benefit from cultivation.
Cropping system treatments had generally little effect on the species composition as assessed by hand sorting (Table 2 ). With few exceptions, the very large abundance increase in wheat-clover in the third cropping cycle was caused by a proportional increase in all species and groups of juveniles. Exceptions were juvenile S. mammalis and Lumbricus spp. as well as adult L. castaneus which increased more than other species groups. The temporal changes in species composition were probably distorted by other environmental conditions, most notably soil moisture. For example, the proportion of juvenile Lumbricus species in the wheat-clover field dropped unexpectedly from 6.3% to 1.9% in the first cropping cycle, but recovered later. This drop was probably caused by the prolonged drought conditions and high temperatures in summer 1995 and suggests that drought-related mortality was higher in juvenile Lumbricus than in other groups.
N turnover
The importance of earthworms in maintaining soil fertility is well recognised in both conventional and minimum tillage monocropping systems (e.g. Andersen 1987; Boström 1988; Parmelee et al. 1990; Curry et al. 1995) . Present results suggest that under the favourable conditions afforded by direct-drilled cereal-legume intercrops, arable land can support very large earthworm populations with considerable benefits in terms of N turnover and crop residue decomposition. The estimated earthworm-mediated N fluxes in the wheat-clover system are in the upper range of published estimates for agricultural systems (Syers and Springett 1984; Lee 1985) and are substantial when viewed in the context of overall crop N budgets. For example, the mean annual earthworm-mediated N fluxes were 51.3-65.4 kg ha -1 under wheat and 94.5-188.2 kg ha -1 under wheat-clover while the offtake of N in whole crop silage averaged 123.5 to 200.3 kg ha -1 at Lyons (Clements 1998) . These calculations support the results of greenhouse studies (Schmidt & Curry 1999) in indicating that earthworms can play a key role in cereal-legume intercropping where N derived from biological processes is crucial for the performance of the system.
